
IV. SPECfRAL LINE PRIORITIES FOR RADIO AS1RONOMY

The International Astronomical Union (lAU) has a special~g group dedicated to a periodic review
and update of the list of spectral lines of greatest interest to asttonomers. The list is updated every three years.
The CORF has followed the IAU list for the most part in creating Tables 4 and 5. \Wich list Priority 1 and
Priority 2 spectral lines. respectively. (Lines of inten:st for remote sensing and atmospheric research are
discussed in Table 1.)

In general, the c:ommittee believes that Priority 1 lines merit WlShared, passive exclusive allocations. These
arelmes that give us information about important and widespread astrophysical phenomena. including astnr
chemical reactions. Priority 2 lines are often not so Mil unda'stood or studied but because of their potential for
wider study deserve at least footnote protection.
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TABLE 4 Priaity 1Spectral Lines

spectral Line Atomic and Molecular Species
Frequencies

1420.406 MHz Hydrogen [The allocation 133Q.1427 MHz is needed to permit~
servations ofhydrogen in OlD' galaxy and other nearby galaxies with
radial velocities up to 20,000 kmls.]

1612.231_ OH (hydroxyl radical)
1665.402.
1667.359_ and
1720.530 MHz

4829.660 MHz HzCO (formaldehyde)

12178 GHz Methanol

22.235 GHz HzO (\Wter vapor)

23.694_ NH, (ammonia)
23.723_ and
23.870GHz

48.991 GHz CS (carbon sulphide)

~92GHz· Numerous Unes. including HCN (hydrogen cyanide) and its 13c. 170_
and II() isotopes; HNCO (isocyanic acid); fonnylimn HCCY; HNC
(hydrogen isocyanide); and SiO (silicon monoxide)

97.981 GHz CS (carbon sulphide)

109.782, CO (carbon monoxide, including 13C, 1'0, and II() isotopes)
110.201_
112.359, and
115.271 GHz

113.14-113.51 GHz Severa1 transitions of CN (cyanogen radical. including I'N and 13C
isotopes)

183.310 GHz HzO (water vapor)

219.560_ CO (carbon monoxide, including I3C and II() isotopes)
220.399_ and
230.538 GHz

265.886 GHz HCN (hydrogen cyanide)

267.557 GHz HCXY (fonnylimn)

271.981 GHz HNC (hydrogen isocyanide)
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TABLE 5 Priaity 2 Spectral Lines

Spectral Line Atomic and Molecular Species
Frequencies

327.384 MHz Deuterimn [While this line has not yet been detected with confi-
dence, it is kno\W that deuterimn is present iIi the interstellar me-
dium. When the line is detected, it will certainly merit inclusion in
the Priority 1 list.]

3263.794_ CH
3335.481_ and
3349.193 MHz

14.488 GHz ~CO (formaldehyde)

22834_ ~ (ammonia)
23.098. and
24.139GHz

42.821_ SiO (silicon monoxide)
43..122, and
43.424GHz

72.409GHz ~CO (fonnaldehyde)

93.17 GHz ~ (dinitrogen hydronimn)

140.840_ ~CO (formaldehyde)
145.603_ and
150.498 GHz

144.8207 GHz DCN (deuterated cyanide)

174.&-174.85 GHz CzH
177.2 GHz HCN (hydrogen cyanide)

178.4 GHz HaY (formylium)

181.2 GHz HNC (hydrogen isocyanide)

186.4 GHz ~ (dinitrogen hydronium)

279.511 GHz ~ (dinitrogen hydronium)
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v. PASSIVE SERVICE ALLOCATIONS AND 1BEIR JUSTIFICATION

The following comments are ordered according to increasing frequency of the band concerned.

Cqoocnts

1. 13,36-13,41 MHz: This band was allocated to the Radio AstIolJomy Service by the World Administrative
Radio Confermce in 1979 (WARC79). It has proved useful for a nmnber of investigations that previously
were impossible because ofa lack ofprotection. The allocation is shared on a primary basis with the Fixed
Service worldwide and on a primary exclusive basis in the United States.

2. 25,55-25,67 MHz: This band was allocated to the Radio Astronomy Service on a primary exclusive basis
by WARC79. This band is especially useful for observations of the SlDl and radio bursts from Jupiter
(caused by interactions with its moon 10).

3. 37,50-38,25 MHz: This allocation was modified only slightly by WARC79. On a worldwide basis the
Radio AstIonomy Service his a secondaIy allocation shared with the rood and M.>bite Services. In the
United States the bend 38.00-38.25 MHz is shared on a primary basis with the Fixed and M.>bile Services,
Despite the secondary aUoc:adon, this band is often me of interfeRIJCC and is quite useful for radio
astronomy. It should be broadened and changed to a primary, exclusive allocation \\tlI'Idwide.

4. 73,0-74,6 MHz: This prinBy exclusive allocation for the Radio AstIonomy Service applies only in Region
2 (before WARC79 it also applied in Region 3). Obsemiions with the Arecibo 305-m radio telescope
may be affected by active use of this band by the Fixed and Mobi1e Services in Cuba and other countries
included in FooCnoCe 570. A primary exclusive allocation on a worldwide blIsis is highly desirable;
notification of use is required in Regions 1and 3 (Footnote 568), and in Region 3 (with some exceptiC:LS)
the band 79.75-80.25 MHz is allocated on a primary basis to the Radio Astronomy Service.

Justifieat;jOQ O. 2, 3. 4)

Most radio sources (sucll as radio galaxies. quasars, and supernova rerDIBlts) have charactaistic nontherma!
spectra produced by syrtehro(ron emission from relativistic cosmic-ray electrons moving in galactic-scale
magnetic fields. These nonthermal soun:es typica1Jy have radio spectra with negative slopes of -0,8 in a graph at
log (flux density) versus log (frequency). Hence such SOW'CCS have higher'radio flux densities It lower
frequencies, The hundreds of pulsars in the Milky Way Galaxy (rotating neutron stars that act as giant partiCle
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acceJaatas) also have narthennal nldio spectra that have even DUe negative slopes and higher relative flux
densities at low frequencies. li>wever, at sufficiently low ftequcncies (1G-IOO MHz), the emission processes,
conditions in the radio sourc:es, or conditions in the surrounding environments cause the spectra of these radio
SOW'CeS to tum over or decrease with frequency (see Figure I). Measuring the low-frequency spectra of such
sources is essential for measuring and understanding their physical properties.

,
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Frequency _ ._
FIGURE I Spectrum of a typical nonthermal radio source. The dashed line
shows the "compact" high-frequency component found in some sources.

nus Jow-frequency range
also has a great importance in
the observations ofboth the
thenna1 and nonthenna1 diffuse
radiation in our own Milky f
Way Galaxy. Such galactic ~
observations give information ~ 10
on the high-energy cosmic ray
particles in our galaxy and their j
distnbution, and also on the hot
ionized plasma and star birth in 1
the disk ofour spiral galaxy.
In particular, the ionized inter-
stellar clouds can be studied at
low frequencies where their
spectra approximate the Pla­
nck thermal nldiation (black­
body) Jaw. Several hmldred
such galactic clouds appear ap­
proximatelY u blackbodies at
frequencies below -100 MHz. Such spectral observations can be used directly to measure the physical parameters
of the radiating clouds, particuImiy their tempaatura.

Other important radio observations made at ftequencies below -100 MHz are those of solar bursts. Ckca­
sionally, and fi'equently during SlmSpOt maximum, dramatic radio bursts of several different cbaracteristic types
are generated in the sun's atmosphere. Such bursts are sometimes associated with solar flares, \\oirich are sudden
violent explosions in the sun~s cluanosphcre. The radio bursts are obsaved &om -20 to -400 MHz and are more
intense at the Iowa' &equencies. The high-energy particles ejeded &om the sun during these bursts interact with
the earth's ionosphere and the stIi11.OSfUre. Such interactions cause severe intenuptions in radio communications
and power systems. and can 11Io have dangerous etfeds 00 airaaft flights above 15,000 meters. Studies of radio
bursts aim to allow us to pedic:t failures in radio communications and to farecast other effects. Knowledge of
the high-energy particle~ &om the sun is essential for SJ*e explontioo missions, both manned and
unmanned. Continuous monitDring of the sun's activity will remain a high priaity for the foreseeable future.

Also significant is the pecnliar nonIhermal burst-like radiation fian the giant planet Jupiter, \\oirich is best
observed at ftequencies &om -IS to -40 MHz. Extensive obsemdions lie being made at low frequencies in order
to study this pm!}iar radiation. It was observed by the Voyager spIICeCI'Ift, but further ground-based studies are
essential

These four a11ocIdions have proven to be invaluable for radio asbonomy. They VWlU1d be even more
valuable ifall four were allocated to the Radio Astronomy Service on a priJmry exclusive basis that extended to
all three regions.
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CmJQWII!I

S. lso.QS-l53 MHz: This is a shared, piDay allocation in Region 1. It faits naD'the middle ofa wide gap
in continuum coverage (see No.3 in the "General Considerations" above). In the United States, a large
amount of interference occurs in d1is band. A continuum band is bedJy needed between the current 74 and
408 MHz allocations, and it may be possible to have Regions 2 and 3 join Region 1. This band is widely
used in the United Kingdom and is a major band for the Giant Meter-Wave Radio Telescope (GMRl) in
India. Fwther worldwide consolidation would be most desirable.

6. 322-328.6 MHz: This important band gained additional status at WARC-79 and has become a widely used
band throughout the world It has now been implemented on the VIA and is widely used for VLBI
experiments between countries (see No.2 in the "General Considerations" above). It is not a1locatfd to the
passive services in the United States.

7. 406.1-410 MHz: This is an important continuum band \Were regional protection (U.S. 117) is often
necessary. Additional allocation up to 414 MHz \\OOld be desirable.

S. 608-614 MHz Extension of the primary allocation from Region 2 to Regions 1 and 3 would be desirable.
A continuum band such as this one is needed between the 408 and 1400-1427 MHz bands. Better
protection from adjacent channel interference is badly needed. The band is also used by the GMRT in
India.

Justific;atim (S. 6. 7. I)

'"0Je of the most interesting and significant discoveries in radio astronomy has been the detection of pulsars.
These objects are now understood to be highly condensed neutron stars that rotate with a period as short as a
millisecond. Such objects are produced by the collapse of the cores ofvery old stars during the catastrophic
explosions known as supernova outbursts. The radio spectra of pulsars indicate a nonthermal mec:hanism,
perhaps of synchrotron emission type. ObseIvations have sho'Ml that the pulsars are strongest at frequencies in
the range from -SO to 600~ hence, most of the pulsar observations are being performed at such frequencies.
With improved sensitivities at higher frequencies, these sourteS are now observed at up to several gigahertz.

The discovery and the study ofpulsars during the last two decades have opened up a major new chapter in
the physics ofhighly condensied matter. The study ofneuIron stars wi1h densities of the order of 1014 yJcrrt and
with magnetic-field stIaet!- of 1012 gauss has already contributed iJnmensely to OW' understanding of the final
state in stellar evolution and his brought us closer to undeastalldiog black holes (\Wida are thought to be the
most highly c:ondensed objects in the universe). Observations ofbiJuay pulsan have verified the existence of
gravitational radiation It the level pedicced by the thetxy of relativity. Low frequency bands 6-8 are indeed
important for J:IUl- obscmdims. The need for exclusive bands at every octave is clearly indicated.

The frequency t.Id 322-328.6 MHz his the desiIed octave-spacing reIIDon with the 150.05-153 MHz and
608-614 MHz b8ndI. Large radio telescopes in India, The NaherIands. and the United States at the Arecibo
telescope in PustD Rico, • well as the VLA and the Very long Baseline Array (VLBA), operate in this band.
High-resolution obwvItians of radio galaxies and quasars have been made with the antenna in India using the
method of lunar occuItati<lns. This method uses the moon's disk, much oc:cuJts distant radio sources as its
apparent positicn c:bInges on the sky. From such oc:cuJtations, or eclipses, it has been possible to detennine the
shapes and positions ofmmy exnpltctic radio sources with very high accuracies, of the order of 1 arc second.

The frequency range 322-328.6 MHz also contains the hyperfine-strueture spectral line ofdeuterium at
327.4 MHz. the discoveIy of\\bich astronoml:rs consider' highly significant. The abundance of deuteriwn
relative to that ofhydrogen is related to the problems of the origin of the universe and the synthesis of the
elements. A determination of the deuterium abundance in the universe will certainly help in defining the most

22



probable theory of the origin and evolution of the universe. Ultraviolet observations ofdeuterium show that its
abundance in space is not constant, suggesting that studies of its abundance may be of increasing significance.

Many observatories, worldwi~ have added 327-MHz receivers to their telescopes. This has become a
major new frequency for VLBI observations between continents. The Westerbork Synthesis Radio Telescope in
The Netherlands and the VIA in the United States have been equipped for operation in this band. Japanese
radio astronornen have constructed a ~station array for observations of interplanetaJy scintillation near
327 MHz. In the United States, the band is being used at Owens Valley and Hat Creek for deuterium searches.
U.S. radio astronomers certainly support efforts to protect this band. The band is also used by the GMRT in
India.

Comments

9. 1330-1400 MHz: This band is important for observations ofred-shifted neutral hydrogen gas from external
galaxies and has footnote protection. The lower-frequency limit for footnote 718 should be decreased to
approximately 1250 MHz. Successful observations of red-shifted neutral atomic hydrogen have already
been made in a quasi-continuous range of frequencies down to 1260 MHz. Below this frequency, such
detections have been made only at individual, isolated frequencies.

10. 1400-1427 MHz: This is the most important band for hydrogen-line observations and is also important for
continumn observations. Extending the worldwide exclusive allocation downward in frequency to 1330
MHz would greatly benefit radio astronomy by allowing observations of distant, red-shifted hydrogen
clouds. The extensioo of the allocated 1400-1427 MHz band to 1330-1427 MHz would also benefit passive
remote sensing of the earth's soil moisture.

Justification (9. 10)

One of the most important spectral lines at radio wavelengths is the 21-centimeter line (1420.406 MHz) of
neutral atomic hydrogen. Since its discovery in 1951, radio observations of this line have been used to study the
structure ofour galaxy and other galaxies. Because of Doppler and cosmological shifts due to the distance and
motion of the hydrogen clouds that emit this radiation, the frequency fer observing this line emission ranges from
-1330 to -1430 MHz. Nwnerous and detailed studies of the neutral hydrogen distribution in our galaxy and in
other galaxies are being made. Such studies are being used to investigate the state of cold interstellar matter, the
dynamics, kinemIItics, and distribution of the gas, the rotation ofour gaJaxy and other galaxies, and the masses
ofother galaxies.

The 21-celltimeter neutral hydrogen emission is relatively strong. and with current receiver sensitivity such
emission is detectable &an any direction in our galaxy and from a very large percentage of the nearby gala.'cies.

In recent years, the physics of the ionized hot gaseous clouds between the stars has been studied by
observations of radio lines of excited hydrogen, helium, and eatbon. Some of these studies have been made at
frequencies of 1399 and 1424 MHz. Detailed observations of radio recombination lines in many interstellar
clouds have made possible the dem'ation of physical parameters such as temperature, density, and velocity
distributiOns. Radio studies have been particularly helpful for observations of these clouds, which are partial:; 1,"1

totally obscured at optical wavelengths by interstellar dust.
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ChIP'III'CS

11. 1610.6-1613.8 MHz: The 1612-MAz tmnsition is an exbemely important satellite line of OR This line
emission occurs in many types of objects in the galaxy, and high-angular-resolution observations of these
objects in this line nasure their distances and can be used collectively to measure the distance to the
cen. of the galaxy. The secondary allocation should be considerably strengthened or a narrow, worldv.ide
allocation made. See Comment 12.

12 J66().J670 MHz;: To afford the level of protection needed in order to observe the primary OH lines
properly, CORF urges exclusive allocation for radio astronomy in this band. These lines are of extreme
importance to radio astronomy.

13. J7J 8,8- J722,2 MHz: See Comment II, ~cb applies here also.

Jusrificarion (11. 12. 13)

A relatively new and very exciting branch ofastronomy is astroehemiscry. This subject involves the study
ofthe fonnation of molecules in space and their abundance. In 1963, OR, the hydroxyl radical, was the first
molecule to be detected at radio frequencies. Today, radio astronaners have detected about 80 different organic
and inorganic molecules in space. Space chemistry is vital in understanding the physics of stars and planets.
The OH molecule has been observed widely in OlD' galaxy in its ground-state tmnsitions at 1665 and 1667 MHz
and its satellite lines at 1612 and 1720 MHz. OH has been detected in thamaJ emission and absorption in
several hundred different molecular oomp1exes in OlD' galaxy. Besides the thennal emission, extremely narrow
and intense emission lines have been seen in certain galactic regions. This emission is due to maser action and
can be 8SS(Xiated with star-faming regions and with more evolved stars.

The study of OH 8Dd other characteristic molecules is thus ofareat interest for investigating the physical
phenomena associated with die fonnation of protostars and the initial stages of star fonnation. Observations of
OH maser soun::es using die powaful technique ofvery-long-baseline interferometry (VLBI) have shown that the
masing regions have appiieut angu1m' sizes on the order of 0.01 an: second or less. Such apparent sizes translate
to linear sizes ofdie order ofa few times the mean distance betwea1 the earth and the sun (ISO million
kilometers) and occur at the hart of repons with active star formation. The technique of VLBI makes use of
t\\O or more widely sepaated radio telescopes (tens to several thousands ofkilometers apart), and simultaneous
observations are made with time synchronization provided by atomic clocks. The data are recorded on magnetic
tape at each telescope or are canmuni-eated via satellite and recordede~ At a later time the data from
the different stations are correlated using the accurate time signals recorded with the data. The angular resolution
achieved with such tedmiques depends not on the size of the individual telescopes but on the distance bctwccn
them. VLBI observations have. great impact on the study of molecular emission regions in space, the nuclei of
galaxies, and even of tcnesIriaI pocesses, such as plate tectaUc movement. The United States is building a
dedicated system of teD VlBI telescopes from Ha\Wii across the cont:inam 10 die Vugjn Islands called dIe
VlBA, or Very Lang Baseline Array, which will achieve unprecedented resoIutioo.

Hydroxyl (aI) IIJd otba' molecuJes are being used to study the spItiIl distribution of the molecular.
component in our pJax.y and other galaxies. OH can be seen in other plgW. by absorption against radio
sources in galac:tjc nuclei and by maser emission. The OH megamasa' emission from galactic nuclei can be
more than a million times more luminous than galactic masers and can be seen to great distances. The present
redshift limit fer extragalactic masers is 50,000 kmls (z =0.17), which causes the OR line to be observed at
1428 MHz. These powerful megamasers are due to maser action within the cores of galaxies; this action re~ult.".

in amplification (rather than absorption) of the nuclear radio continwm. Use of the OR line to study these very
peculiar and active galaxies allows radio astronomers to diagnose the terupaature and density of the moiec!.llar
gas in the center of these galaxies.
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Emission lines fitxn l'OH and 170H have been detected in sane molecular regions of our galaxy. The data
ftan these lines allow the study of the aIxmdanc:es of the oxygm isooJpes involved. Such studies are a cruc:ial
part of unc:terstanding the net\\Qtc ofchemicaJ reactions involved in the formation ofatoms and molecules. The
data can help astronomers to understand the physics of stellar interiors, the chemistIy of the interstellar mediwn,
and the physics of the early universe.

Omnents

14. 22OQ.2290 MHz: This bend is widely used in conjunction with the Space Resaucl1 band just above it
This usage allows radio scientists to use space tracking equipment to support astronomical observations and
radio telescopes to support important space missions. In particular, major geodetic and astrometric
programs are being carried out jointly in the frequency range 22~2300 MHz.

15. 22~2300 MHz: This band, allocated to Space Research (Deep Space and Space-to-Earth), can also be
used for VLBI observations in radio astronomy. A secondaIy shared status should be sought in this band.

16. 2655-2690 MHz: This is an important extension of a useful, but too narrow, continuum band at 2690-2700
MHz. The broadcast satellite service, at present aJlocated as one of the users of the band at 2655-2690
~ interferes with radio astronomy \Wen it broadcasts from space to the earth in channels adjacent to the
radi<HStronomy band. A domestic agreement has been made "for the sateJlite sezvic:e to be implemented
starting fiom the bottom of the band at 2500 MHz and then poc:eeding to higher hquencies. This should
leave the 267~2690 MHz band free of interference for some years.

17. 2620-2700 MHz: This bind, \\bile useful and fulfiJling the ~need requirement, is narrow relative to
most of the c:cntinuum binds currently allocated to the Radio Astronomy SeMc:e. Ifpossible, the width of
the band should be incrrased. In passive sensing, it is used for measurement of soil moisture and sea
surface tempeaature.

Justification Ot 15. 16. In

The study of the continuum emission of radio sources requires observations throughout a very wide
frequency range. The spectral regions at 2200 to 2300 MHz and 2655 to 2700 MHz are excellent bands for
continuum measurements partly because the galactic background radiation is low. Observations of thenna1 and
nonthennal radio sources at these frequencies help to define the shape of their spectra, \Wich in nun can give
information on the physicII ........ of the radiating sources such as densities, temperatures, and magnetic
fields. The knowIedp of1heIe physical pII'II1leta'S is essential to explain the JDysical pocesses that operate in
radio sources to produce I"Idio radiIIicln. Many exD3galactic radio sources show a "break" in their nonthennal
spectrum in the region betMm 1 to 3 GHz. and continwm measurements in the range of2 to 3 GHz are
essential to define such a spectnl characteristic acantely. The spectral "break" at relatively high frequencies
from synchrotron sources is closely related to the lifetime of relativistic pllticles in radio galaxies and quasars.
Such information is aucial to our understanding of the physical pocesses taking place in radio sources.

These fioequency binds are also useful for galactic studies of ionized hydrop clouds and the general
diffuse radiation ofthe galaxy. S~ at such frequencies, available radio telescopes have adequate angular
resolution (narrow beams, of the arder of 10 arc minutes for large telescqJeS), many useful surveys of the
galactic plane have been perfollued, including the regions of the galactic c:erm, \Wich is invisible at optical
wavelengths becaI.. of the intersteu. absorption by dust particles. The center of our galaxy is perhaps its most
interesting region, and it can only be observed at infrared and radio waveJenatht, since such long wavelengths
are not affected by the dust pllticles in interstellar space. The study of tile nuclei of galaxies, including the
nucleus ofour O\W galaxy, is emeIging as an extremely important and fundlllDenlal topic in astronomy.
PrQblems that am be studied in these objects include the state ofmatta' and the possibility of the existence of
black holes in galactic nuclei; the explosive activities and the production of intense double radio sources from
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galactic nuclei; 1he influence of pJactic nuclei on the morphological structure ofgalaxies; the fOl'mldion of
galaxies and quasars; and many other relevant and major astro-physical topic:s.

An important study at radio wavelengths is the polarization of the radiation 1hat is observed from radio
sources. Radio sources are often found to be weakly linearly polarized, with a polarization angle that depends on
~. This effect is due to the fact that the propagation medium in \Wich the radio waves travel to reach us
is composed of charged particles, electrons, and protons, in the presence of magnetic fields. The determination
of the degree and angle of polarization gives us information on the magnetic fields and electron densities of the
interstellar medium and in certain cases on the nature of the emitting soun:es themselves. The degree of
polarization of radio waves is higher at higher frequencies. The fi'equency bands near 2300. 2700. and 5000
MHz are important bands for polarization measurements.

Comments

18. 4825-4835 MHz: The formaldehyde (1\00) line is one of the four or five most important spectral lines in
radio astronomy. CORF urges that the current footnote be upgraded to a naITOW. exclusive, \\Uldwide
allocation. See Cqllnents 19 and 20 below.

19. 4800-4990 MHz: This is an important extension ofa heavily used. but too narrow. c::ontinuum band at
4990-5000 MHz. CORF supports its allocation to radio astronomy on a shared basis with fixed and mobi!e
services, which has been implemented in all three regions but not in the United States.. ·

20. 499Q.5000 MHz: This band, while useful in fulfilling the octave-need requirement. is narroW relative to
most of the continuum binds currently allocated to the Radio Astronomy Service and is also useful for
passive remote sensing of the earth. Ifpossible. the width of the band should be at least doubled. If this
band could be widened to include the HzOO line (see Comment 19) or widened and moved to include the
483O-MHz HzCO line, not only would the 1\00 be afforded exclusive, worldwide protection. but the radio­
astraIOmy continuum band could also be placed to avoid interference from the Microwave Landing System
above 5000 MHz. In either case, a 1- to 2-percent bandwidth is most desirable. This band is also
important for passive sensing of the earth.

Justjfjc;atjoo (18. 19, 20)

Formaldehyde (HzCO) is ddeded in interstellar clouds at 4829.66 MHz. The HzCO line at this frequency
is c:oosidered to be one of1he most important radio lines in the entire specInIm. prinmly because it can be
detected in absorption in almost lIlY direction \Were there is a continuum radio source. The distribution of
H2CO clouds can give incIependcm evidence of the distribution of the interstellar material and can help in
understanding the stn.1ctln ofour galaxy. Hzoo lines from the carbcJn.13 isotcpe and oxygen-I8 isotope have
been detected, and studies of the isotopic abundances of these elements are being carried out.

The cornbinIItkD ofthe 483Q.MHz and 14.5-GHz fonnaldchyde lines is a sensitive and useful di3gI1cstic of
the density in the emitting pi. ExtrapJaaic formaldehyde megarnaser anission and absorption are found in a
growing number ofp1Ixies. Since formaldehyde is a good tracer of intermediate- to higb-density gas, this lint:
is very importaDt for the study of the IOOlecu1ar structure of other galaxies.

The spectral t.nd around S GHz bas been one of the most widely used fi'equency ranges in radio
astronomy during the last decade. Astronomers have made use of this &equency range in order to study the
detailed brightness distn'butiaJs ofboth galactic and extragaJactic objec.U. DeIaiIed radio maps of interste!!ar
ionized hydrogen clouds and supernova remnants have assisted our understanding of the I18tJn of such celestial
objects. These radio maps define the extent and detailed morpholOllY of radio sources and enable us to make
conclusions concerning their sbUctUres and dynamics and to derive physical parametcn of the SOUJ""'...es s~ch ~

their total masses.
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Heavy use has been made of the radio asbalOll1Y t.nd at SGHz for VIBI observations. Angular
resolutions of 0.0003 arc seooods have been achieved with iJlteroontineiltal beselines, and many countries
(Australia, Canada, Great Britain, The Ndherlands, South Afiica, Spain, Swedal, U.S.S.R., and Gennany) have
collaborated in this effort. From such studies, 85tronomers are finding that quasars are composed of intricate
structures with many strong localized sources of radio emission.

The technique of VIBI has many other practical applications, such as studies ofcontinental drift, the
rotation rate of the earth, polar wandering, latitude determination, spacecraft navigation, and earthquake studies.
Such experiments are able to determine intercontinental distances with accuracies of a few centimeters.

International VlBI observations make heavy use of almost all of the radio astronomy bands. At the higher
fiequencies, the angular raolution is even better than at 5 GHz, and inc:rtased emphasis on the bands near 15
GHz and 22 GHz is expected.

Cgmments

21. 8400-8500 MHz: This band is widely used for studies in conjunction with, and in support of, geodetics and
Space Research (space to earth) experiments. Common use of this band for radio astronomy observations
using VIBI and for space science allows the full and effective use of costly facilities buih for space
research and communications and for radio astronomy. This band shoutd be allocated to the Radio
Astronomy Service on a secondaIy shared basis.

22. 10,CiO.l0,70 GHz: The committee urges \Wrldwide, exclusive passive allocatioo for this continuum band.
The \\Uldwide, exclusive allocatioo of the 10.6-10.7 GHz band to passive services also would benefit
global passive remote sensing of precipitation. Many rainfall estimation techniques currently require the
use of this frequency band.

23. 14.47-14.50 GHz: This band is important for study of one of the formaldehyde <HzCO) lines and, in
conjunctioo with the 4.83 GHz formaldehyde line, is a sensitive diagnostic for the density of the emitting
regions (see COlluuents 18 above and 24 below).

24. 15.35-15.40 GHz: While no change in status is needed in this \\UIdwide exclusive alJocatjon, it is noted
that it VW)U)d be someM18t mare desirable to substitute in place of this t.nd a 1- to 2-pcn:cnt continuum
band roughly cea_eel en the formaJdehyde line at 14.4885 GHz. This new band \WUld still be centered
betMen the 10.6- and 23.8-GHz continuum bends \Wile affording mo:elIent p'OteCtion for the 14.4885-GHz
line.

25. 18.6-J8.8 GHz: This transnUssicn window is used for rainfall measuremaJt by pusive earth exploration
satellites. Primary allocation in Region 2 should be extended to all three regions.

Justification (21. 22 21. 24. 2S)

The band at 10- to 1S-GHz provides some of the best angular resoJutioos (-2 arc minutes) using many large
and accurate I'lIdio telescopes. Many of the nonthenna1 synchrob'at sources are just ddectable at higher
frequencies, and this fi'equency range gives us observational information at the highest frequency \Were such
sources can be detected reUabJy. This high-frequency range is also eldIaUBly impoI1ant fer rmnitoring the
intensity variability ofthe qua.ws. These objects, which could be the most disCant celestial objects that
astronomers can detect, and \Wich produce surprisingly large amounII ofenergy, have been found to vary in
intensity with periods ofweeks and months. Such observations lead us to estimate the sizles of these sou.rces.
-MUch tum out to be vay small for the amount of energy they produce. The variability of quasars (and some
peculiar galaxies) is more pronounced at higher frequencies, and observations at these frequencies facilitate the
discovery and the monitoring of these events. ~Ile energy emitted dwing any one such bw'st from a quasar is
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equivalent to the complete desbuction ofa few hundred milIiCII stars in a period ofa few weeks or months.
Astronomers do not yet understand the fundamental physics that can produce suclt events. Chavations of the
size and variability of these sourteS are the pimary means that can be used to deternUne their nature. These
observations are now best performed in the frequency range 10 to IS GHz.

The small sizes of the quasars are revealed from the VlBI observations mentioned above. Such
observations are also being made in the frequency band at 10.6- to 10.7-087. and observations at 15.40 GHz
have been successful. The higher frequencies provide us with better angular resolutions and enable us to
determine more accurately the sizes and structures ofquasars.

The important fcmWdehyde <HJOO) line at 14.4885 MHz ha been observed in the direction of many
galactic sources. Since this line originates from the upper levels of or1fK>.fonnaldehyde, its study gives valuable
infonnation on the physical conditions of the interstellar medhun because the excitation energy required to
produce this line is different from the energy required to produce the l\OO line observed at 4829.66 MHz.

Conuneots

26. 22,21-22,50 GHz: The lIP line at 22.235 GHz is of such importance to the Radio Astronomy and the
Earth Exploration Satellite Services that it merits a worIdwide.. exclusive. narrow-bInd allocation. The
22.235-GHz transition ofwater vapor has been detected as maser emission from galaaic nuclei and may
therefore be detectable at great distances. Observations of such emission may povide a direct means of
measuring the distances to very distant galaxies.

27. 23,6-24.0 GH7; This is an importallt continuum band that also covers the three major ammonia (NH3)
lines. .

Justification f,Z6. 21)

The two narrow bends, 22.21-22.50 GHz mel 23,6-24.0 GH2'. are importallt primarily because they include
the ~O and~ molecular lines, respectively, \Wich have been detected in the interstellar medium both in our
galaxy and other galaxies.

The discovay in 1968 of1be 1\0 molecule in interstellar splICe presented many new and inta'esting
puzzles. These lines are extItinely intense mel variable; ccnsequently they Ire occ:asimaUy the most intense
radio sources in the sky (at 22.2 GHz) other than the SUD mel the moen It wa SOCD discovered that the
intensities of these lines are highly variable. that the sizes of the 1\0 sources are extIemeJy small (a few
astronomical units), and that tbe !iDes are highly polarized. Interstellar lIP maser acticn is necessary to explain
such obsemdions. Such sources seem to be similar to 1be OH sources m.:us.I above. W'db high-frequency
(hence high-velocity) reIOIution, lIP sources have been obserwd to sbow ouJtipIe ccmpoueutl, each one with a
slightly diffaalt velocity in the line ofsight. Astronomers believe that sud1 molecular clouds are related to the
formation ofprotosIars. VLBI observations at 22.2 GHz provide valuable infamIticm on the sizes and structure
of the 1\0 maser soun::cs.-

The diSCCMl)' ofNf\ (anmonia) in intersteUar space pn:seuted an _., ofa molecule radiating
thennaUy. MIss' action is not nezlllll1 to explain the NHs observationL The d.ribudm ofNH, clouds in the
galaxy and their reJIIioa to tbe other moIec:uJes that have been discowred is ofpit iranst. The analysis of
the NHs line observations enlbles us to deduce accurately the teanperabn of tbe iotersteUar medimn \Were these
clouds exist. They also assist us (indirectly) in deducing the cxx.ceadumaa aDd alx!Ddance ofmolecular hydrogen
(HJ, which cannot be observed at radio wavelengths since it produces no mdio lines.

CQllmolts

28



28. 31,3-31,8 GHl; The basic present allocation (313-31.8 GHz) is nearly the desired 2-percent bandwidth.
This band is also used for passive remote sensing of terrestrial cloud \Wtcr and precipitation.

29. 36-37 GHz: This transmission window is useful for passive remote sensing of terrestrial cloud water and
precipitation, primarily as an alternative to 31.3-31,8 GHz.

Justification (28. 29)

The frequency region from 312 to 37.S GHz is the first atmospheric window in the millimeter radio region
\WJere growtd-based observations can be made. On either side of this frequency band, water and oxygen
molecules in the earth's atmosphere attenuate the incoming radiation, although only the ~ absorption beginning
about SO GHz is sufficiently strong to render obseIvations impossible. This spec:tra1 region contains lines of
CH,N, a molecule that is becoming of increasing importance as more long-chain molecules of the fonn HCxN (x
= 1,3, 5, 7,9 .•.) are found. The region has also been useful in defining the high-fiequency continuum spectra
of galactic and extragalactic objects. It is anticipated that the use of this band will be greatly increased as large
telescopes become operationalal these frequencies. For instance, the new l00-meter Green Bank Telescope
(GB1) is expected to operate at frequencies as high as that of this band.

CQIIDIICDt3

30.42.5-43.5~ This band encompasses the vibrational transitions ofSiO. All of these transitions have
been detected as maser emission from the regions of late-type stars.

31. 48.94-49.04 GHz: This band contains the lines ofCS and its isotopes. They have been detected in
molecular clouds. Since CS is a good high-density tracer,~ CO is a low-density tracer, CS is
extmnely important as a diagnostic for the molecular material in ocher galaxies and in particular the active
nuclei and starburst galaxies.

32 50.2-50.4 and 51,+59.0 GHz: Passive remote sensing instruments measure: the earth's atmospheric
temperature profiles using oxygen transitions within these bands.

33. 60-61.5 GHz: This band has potential uses in passive remote sensing of mesospheric temperature profiles.

34. 64-66 GHz: This band is used for passive remote sensing of the atmosphere of the earth from space. In
particular, it is valuable for measuring atmospheric temperature profiles using oxygen transition lines \\ithin
these bands.

JustifigWon (30. 31. 32. 33, 34)

The allocated band lit 42.S- to 43.5-GHz povides protection for obsemdions of the SiD molecule. The
lines of SiO indicate maser emission, the mecltanism of \Wich is not understood but extends over a wide range
of excitation in the SiO molecule.

The lines ofCS and its less common isotopes, ens, C3oIs, and I!cs, have been sho\W to be constituents of
both giant molec:u8'clouds and ooofdark clouds. Since the I-I -.0 transition arises in the lowest possible
energy levels ofcs, this molecule will become increasingly important in probing cool clouds. Other molecules
with detected transitions in this frequency range include ~CO, CH,OH, and ocs.

Comments

35. 86-92 GHz: This is a wide and useful band near an atmospheric absorptioo minimum. At least i2 ~p¢:tral

lines fall in this band and are thus already protected through this allocation. This atmospheric transmission
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window is also useful for remote sensing of temstrial clouds and JftiCipitIItion, and JI'OVides one of the
most useful mia'o\wve channels for this purpose.

36. lQO.l02 GHz: This bend is useful for passive mnote sensing ofthe ear1h and radio astronomy 0bserva­
tions of red-shifted CO in distant galaxies.

.Justification 0 S. 36)

Since there is relatively little absorption from atmospheric~ and ~o, the millimeter band between 86 and
92 GHz is perhaps the best high-fi'cquency region for both continumn and line observations ofcelestial objects.
Over 20 molecules have been detected in this frequency range, as have 2S dUfen:nt isotopic species. These
include such simple molecules as SO, SOz, SiD, SiS, HeN, HCO, CHO", and HCz and such canplex molecules
as CH,CH.z0H, Cl\CH.zeN. and CH,OCH,. 1\w vibrational states·of the transitions ofSiO fall in this range;
SiO is one of the few molecules showing maser emission and the only one showing strong maser emission in an
excited vibrational state. HCN, HCO, and HC:XY are vitally necessary participants in the ion-molecule reactions
believed to be key in the formation ofmany other molecules in the interstelJar gas. Furthermore, some
molecules have several isotopic species in this range so that isotopic abundance ratios and optical depth effects
can be studied. As an example, the basic molecule HCN has the isotopic species Jr2C14N, H'CI4N, and W2et'N
in the ~92 GHz range, and all have been observed in the interstellar gas. It is clear that this region of the
millimeter spectrum will remain one of the most used for radio astronomy.

CQUUllellts

37. J*1 16 GHz: Carbon monoxide (CO) is among the most impOItal1t of the interstelJar molecules. The
primary line is at IIS.271 GHz, and important isotopic variations of the molecule have lines at somewhat
lower frequencies; for example, I'C1'Q has its line at 110.2 GHz. Furthermore, the important diatomic
molecules CN and CS and isotopic variations of these molecules fall in the same general region of the
spectrum. The upper portion of this band is needed for passive remote sensing of atmospheric temperature
profiles.

38. ]16-J26 GHz: Passive remote-scnsing instruments measure the earth's atmospheric tempenJturc profiles
using the oxygen transition at the center of this band at 118.75 GHz. Additional protection is desirable.

Justifigdim (37. 31)

The discovery of interstellar CO at 115.271 GHz has been of fundameutll significance for the subject of
astroe:hemistry. This is primarily because CO is a relatively stable molecule compared with other molecules
discovered in the interstellar medium, and also because CO seems to be very abundant and exists almost
ever')'\Were in the plane of our plaxy as well as in a nwnber ofother p1axies. Studies have yielded new
information on the distribution of gas in spiral galaxies. Allowance for DoppIcr shifts characteristic of nearby
and even distant galaxies is essential for adequate protection of radio spectnliines.

Because the CO molecuJe is so ubiquitous, and therefore present under nearly all physical and chemical
conditioos, its emissicm is the principal tool available to astronomen today for the study of the star fonning gas
in the Milky Way Galaxy, II1d even in quite distant galaxies. CO studies tell us about disks around formL'lg
stars and, in the future, with the expnsion of millimeter-wave interfatmeter insbumenIs. they may tell us about
the conditions for planet fonnaticn. Furthermore, CO emission studies mreal the pescnce ofbursts of star
fonnation activity in nearby and, in some cases, distant galaxies. These bursts have recently been related to
collisions betMleII galaxies and possibly to the fonnation of massive black holes and quasars.

The isotopically substituted species 1'(:1'0, 12(:110 have also been detected in many regions in the gala'l()'.
They tell us about the ratios of the isotopic abundances of the stable forms of carbon and oxygen and therefor;;:
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test 1beories of nucleosynthesis in stellar burning and models of star formaDon ndeS for molecular clouds within
OlD' Galaxy.

Comments

39. 164-168 GHz: This transmission window is important for passive remote sensing of terrestrial water vapor.

40. 182-185 GHz; This band, shared with passive space research, is impor1allt for remote sensing studies of
water vapor.

Justification (39. 40)

Allocations at 164-168 GHz and 182-185 GHz are important for radio astronomy and other passive
services. Water, an important constituent of interstellar clouds as well as of the tarestrial atmosphere, has only
1\\0 low-lying radio-frequency lines, 22.235 GHz and 183.310 GHz. BoIh of these water lines are used for radio
astronomy and p8SSive sensing. Like the 22 GHz-line, the ]83-GHz line is produced by maser activity in the
interstellar medium and is observed near hot young stars. However, the line is strongly attenuated by the earth's
atmosphere, and so the observations are easily suscept1ble to interference.

CUllUpents

41. 217-231 GHz: This is an important primaJy allocation, shared with space research (passive). This band
contains the second available rotational line of carbon monoxide (I2CIfO), together with its isotopic variants
ne"o.and I'CI'O. These are very strong and important lines both within OlD' galaxy and in distant
galaxies. In combination with the first lines in the 106-116 GHz band, they permit the determination of the
physical characteristics of the gas within the galaxies. The coverage for I'CIfO extends to galaxies at
velocities of 2000 kmls, but should be much greater to give protection to future WOIk to learn about the
structlU'e and evolution ofmuch more distant galaxies.

Besides CO lines, there are many lines ofcomplex molecules observable in this band and neighboring
bands. Each complex molecule may have many lines spread throughout the radio spectrum. so it is not
practical to request protection for the various individual frequencies. Rather, in analogy with the protection
given for continuum studies, the requirement is for a number of relatively wide, well-protected bands,
placed at strategic intavals throughout the spectnm

Justificat:jon (41)

The frequency t.nd at 217-231 GHz is in the center of the highest spectral region at millimeter
wavelengths where there is a useful atmospheric window. On each side of the 200-300 GHz region, atmospheric
HzO absorption makes ground-b8sed obsavations difficuh or impossible.

Radio astronomy is exIIemeIy active in this region of the spectnDn because of the unique insights
spectroscopic studies provide into star fonnation, interstellar chemistry, the late sCages of stellar evolution, and
the chemical canpcsitian of the Milky Way and other galaxies. The most impoItant line in this bend is that of
carbon rnonoxidet \\fUcb is essential to observe over as wide a spectral range as posSIble in order to study the
kinematics and evolution ofdistant galaxies. In addition to carbon rnonoxidet a large number of lines belonging
to many interstellar species have recently been detected in this t.nd and in neighboring regicms of the spectrum.
In the range fiorD 208 to 260 GHz, about 1000 lines are now known. Several new telescopes are being
constructed or have recently been completed to WOIk in the range &om 100 to 300 GHz and above, in the United
States, Europe, and awe. This spectral region is one of rapidly increasing activity in radio astronomy.
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This bBnd also JI'OVides a continuum window Dell' the peak of the 2.7 K cosmic beckground radiation.
This radiation, emitted \Wen the universe was only about 100,000 years old, is one of the most significant
discoveries in the study of cosmology. Further detailed studies of its properties will yield 1D1ique information
about the early 1D1iverse. Observations of the cosmic background from the ground are severely limited by the
high, variable intensity of atmospheric emission. Observations near this frequency are important for such
fundamental measurement as the velocity of the galaxy with respect to the background radiation field and the
rotation and symmetry of the 1D1iverse. Because of the low intensity of the background radiation, accurate
measurement of its distribution must be made from high-altitude aircraft, balloons, and spacecraft in an
enviromnent free from interference. .
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VI. mE PR01ECIlON OF RADIO AS1RONOMY OBSERVATIONS
IN mE SHIELDED ZONE OF 1HE MOON

Future radio astronomy observations made from telescopes in the shielded moe of the moon will need to be
protected. The reasons for this are discussed in CCIR Recommendation 479-1, ''Protection of Frequencies for
Radioastronomical Measurements in the Shielded Zone of the MJonIl (see Appendix). The Committee on Radio
Frequencies has been corx:emed for a nwnber of years with protecting radio astronomy observations in this zone.

Along with discussions of establishing a lunar observatory in the next century (see, for example, 171e
Decode o/Discovery in Astronomy and Astrophysics, National Academy Press, Washington, D.C., 1991), it is
prudent for scientists to prepare for actions that may be needed to P'oteet passive observations. The concept \if a
1J.mar Quiet Zone has been studied and advanced as a valuable international resource for radio astronomers and
for other scientists who conduct passive observations of the universe.
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APPENDIX

Protection ofFrequencies for Radioastronomical Measurements
in the Shielded Zone of the Moon

CCIR Recommendation 479-1 (International Telecommunication Union, Geneva)

"TheCCIR,

CONSIDERING

"(a) that some radioastronornical and other scientific experiments are difficult, and in certain cases impossible, to
cany out 00 the smface of the Earth because of tropospheric and ionosphaic absorption, scintillation, and radio
interference;

"(b) that radioastronomical discoveries resulting from limited observations from spacecraft above the atmosphere
of the Earth reveal unexpected new astronomical phenomena;

"(c) that further developments will enable experiments to be carried out in the relatively quiet environment in
the shielded zone of the Moon;

"(d) that, in additioo to the establishment of lino-of-sight communication links for scientific and other purposes
between the Earth and spacecraft, it may be necessary to establish links between stations on the far side of the
Moon and other' stations 00 or visible from the Earth;

"(e) that the shielded zone of the Moon is free from terrestrial radiation at all radio frequencies;

"(t) that RecotnmerIdatioo No. Spa 2-8 of the Radio Regulations expresses the desirability of maintaining the
shielded area of the Moon as an area of maximum value for obsavations by the Radioastronomy Service and by
passive space research and consequently as free as possible from transmissions;

"(g) that the same Recommendation aJso invited the CCIR to study the fioequency bands most suitable for
radioastronany obscmdions OIl the shielded area of the Moon and \Wdc out Recommendations concerning these
bands as ~U as aiteria for their application and protection;

"(h) that Earth satellites with high apogees. deep-space probes and transmittas located 00 the Moon may each
illuminate the shielded zone;

"(i) that Report 539-1 contains preliminary guidelines on the use of1he fioequency spectrum in the shielded zone
of the Moon,

34



"UNANIMOUSLY RECOMMENDS

"1. that in planning the use of the radio spectrum, both nationally and internationally, account be taken of the
need to provide for radioastronomy observations in the shielded zone of the Mxm;

''2. that, in taking account of such a need, special attention should be given to those frequency bands in Vvhich
observations are difficult or impossible from the surface of the Earth;

"3. that the frequency spectrum should be used in the shielded zone of the MJon in keeping with the
preliminaJy guidelines contained in Report 539-1.

"4. that in the frequency bands Vvhicb lWUld be considered for joint use by active and passive space stations in
the shielded zone of the Moon, radioastronomy observations should be protected from bannful interference. To
this end appropriate discussions between concerned administrations may be conducted."
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